Resistance gene analog (RGA)-anchored amplified fragment length polymorphism (AFLP-RGA) marker system was used in order to evaluate genetic relationships among 22 pigeon pea genotypes with varied responses to Fusarium wilt and sterility mosaic disease. Five AFLP-RGA primer combinations (E-CAG/wlrk-S, M-GTG/wlrk-S, M-GTG/wlrk-AS, E-CAT/S1-INV and E-CAG/wlrk-AS) produced 173 scorable fragments, of which 157 (90.7%) were polymorphic, with an average of 31.4 fragments per primer combination. The polymorphism rates obtained with the five primers were 83.3%, 92.0%, 92.3%, 93.0% and 93.1%, respectively. Mean polymorphic information content (PIC) values ranged from 0.24 (with E-CAT/S1-INV) to 0.30 (with E-CAG/wlrk-AS), whereas resolving power (RP) values varied from 11.06 (with M-GTG/wlrk-S) to 25.51 (with E-CAG/wlrk-AS) and marker index (MI) values ranged from 5.98 (with M-GTG/wlrk-S) to 12.30 (with E-CAG/wlrk-AS). We identified a positive correlation between MI and RP (r 2 =0.98, p<0.05), stronger that that observed for the comparison between PIC and RP (r 2 =0.88, p<0.05). That implies that either MI or RP is the best parameter for selecting more informative AFLP-RGA primer combinations. The Jaccard coefficient ranged from 0.07 to 0.72, suggesting a broad genetic base in the genotypes studied. A neighbor-joining tree, based on the unweighted pair group method with arithmetic mean, distinguished cultivated species from wild species. The grouping of resistant genotypes in different clusters would help in the selection of suitable donors for resistance breeding in pigeon pea.
Introduction
Cajanus cajan (L.) Millsp. (pigeon pea) is one of the important leguminous crops. It is cultivated predominantly in tropical and subtropical regions. Because of the vast natural genetic variability in local germplasm and the presence of numerous wild relatives, India is considered the primary center of origin (Van der Maesen 1980) and one of the largest pigeon pea producers. It occupies an area of about 3.4 million ha with an average annual production of 2.89 million tons from the global annual production of 3.49 million tons (DAC 2011) . Despite the large area under pigeon pea cultivation in India, the average productivity (741 kg/ ha) is remarkably low mainly because of yield losses caused by several biotic and abiotic stresses. Fusarium wilt (FW) and sterility mosaic disease (SMD) are the main biotic diseases of economic concern. Recent advances in pigeon pea genomics, including whole genome sequence information (Singh et al. 2012; Varshney et al. 2012) , have resulted in a tremendous increase in the amount of genomic resources.
However, no effective molecular breeding programs have been developed to facilitate crop improvement (Odeny et al. 2007) . Understanding of genetic relationships in relation to traits of interest is an essential prerequisite for any crop improvement program.
Various molecular marker techniques have been used in studies of pigeon pea diversity (Nadimpalli et al. 1994; Ratnaparkhe et al. 1995; Punguluri et al. 2006; Yang et al. 2006) . Such studies have demonstrated a very low level of DNA polymorphism among pigeon pea cultivars compared with wild species. Some recently developed gene-targeted molecular marker techniques, such as those employing resistance gene analog (RGA)-anchored amplified fragment length polymorphism (AFLP) markers (Hayes & SanghaiMaroof 2000) , sequence related amplification polymorphism markers (Li & Quiros 2000) and targeted region amplification polymorphism markers (Hu & Vick 2003) , have been reported to detect polymorphism within gene rich regions of crop cultivars. However, none of those have been tested in Cajanus cajan. Among the aforementioned marker techniques, AFLP-RGA is a modified AFLP procedure first proposed by Hayes & Saghai-Maroof (2000) in soybean (Glycine max L). It involves the use of degenerate RGA primer in combination with selective AFLP primer in the second round of amplification. This technique has been used successfully to map resistance genes in plant species such as pepper (Egea-Gilbert et al. 2003) , lupine (You et al. 2005) and apple (Calenge et al. 2005) . The AFLP-RGA technique combines the high-throughput approach of AFLP with gene-anchored amplification and can provide more functional markers that are possibly distributed in other region of the genome, thereby increasing the genome coverage. In view of this, the present study was aimed at demonstrating the utility of AFLP-RGA in characterizing pigeon pea genotypes in relation to major diseases like Fusarium wilt (FW) and sterility mosaic disease (SMD), as well as determining the informativeness and discriminatory power of this marker system in pigeon pea. The information generated in this study will assist pigeon pea breeders in selecting the suitable parents for developing the mapping populations segregating for the aforementioned diseases (FW and SMD).
Materials and methods

Plant material
Twenty-two pigeon pea genotypes, representing five Cajanus species-Cajanus cajan, C. scarabaeoides, C. platycarpus, C. albicans and C. sericeus-were used in the present study (Tab. 1). The seeds of these genotypes were sourced from the Crop Improvement Division of the Indian Institute of Pulses Research (IIPR), based in Kanpur, Uttar Pradesh. Genotypes were selected on the basis of their reaction to FW and SMD. The genomic DNA of these genotypes was extracted from 6-to 7-day-old seedlings with the cetyltrimethylammonium bromide method (Murray & Thompson 1980) . The DNA samples were subsequently quantified and analyzed by electrophoresis on 0.8% agarose gels.
AFLP-RGA analysis
Polymerase chain reaction (PCR) amplification was performed as described by Hayes & Saghai-Maroof (2000) with some minor modifications. We employed five AFLP-RGA primer combinations: E-CAG/wlrk-S; M-GTG/wlrk-S; M-GTG/wlrk-AS; E-CAT/S1-INV; and E-CAG/wlrk-AS. Restriction of genomic DNA (0.5 μg) of genotypes was performed with 10 U of the adapter EcoRI and 4 U of the adapter MseI (New England Biolabs, Ipswich, MA, USA) at 37°C for 3 h. The resulting fragments were ligated to double-stranded EcoRI (5 pmol) and MseI (10 pmol) in ligation buffer (4U T 4 DNA ligase, 10X T 4 DNA ligase buffer) and incubated at 37°C for 16 h. Ligated DNA templates were further diluted (8 fold), and pre-amplification was performed using primers (complementary to the EcoRI and MseI adapters, with one selective nucleotide). Pre-amplification was performed with the following PCR program: 30 cycles of 94°C for 60 s, 56°C for 30 s and 72°C for 30 s; and a final step of 10°C for 30 min. Pre-amplification products were further diluted (10 fold) and used as a template for selective amplification. As shown in Tab. 2, selective amplification was performed with two primers (one complementary to the EcoRI or MseI adapter with three selective nucleotides and another with degenerate RGA primer). The PCR program followed for selective amplification was 11 cycles of 94°C for 60 s, 65°C for 30 s reducing by 1°C per cycle to 56°C, and 72°C for 30 s, followed by 26 cycles of 94°C for 60 s, 56°C for 30 s and 72°C for 30 s, with a final step of 10°C for 30 min. Finally, selective amplification products were resolved on 6% denaturing polyacrylamide gels (by electrophoresis) and visualized using silver staining.
Data analysis
The AFLP-RGA fragments were scored for presence (1) or absence (0), in the form of a binary matrix. The informativeness and discriminatory power of AFLP-RGA primer combinations were evaluated by three parameters: polymorphism information content (PIC); marker index (MI); and resolving power (RP). The PIC values for each AFLP-RGA primer combination were calculated using the PowerMarker program, version 3.0 (Botsein et al. 1980; Liu & Muse 2005) :
where p i is the frequency of i th allele and p j is the frequency of (i+1) th allele. The MI for each primer combination was calculated using a standard formula (Tatikonda et al. 2009 ):
where EMR is the effective multiplex ratio, which is the product of total number of fragments per primer (n) and the fraction of polymorphic fragments (β). Therefore, EMR = n β.
The RP for each primer combination was calculated using the formula (Prevost & Wilkinson 1999) 
where I b is the fragment informativeness, which is represented on a 0-1 scale with the following formula:
where p is the proportion of the pigeon pea genotypes containing the fragment. 
MseI +G GATGAGTCCTGAGTAAG
EcoRI +CAG GACTGCGTACAATTCCAG
EcoRI +CAT GACTGCGTACAATTCCAT
MseI+ GTG GATGAGTCCTGAGTAAGTG wlrk-AS TGAGGGTCAGGCATGCAG wlrk-S GAAAGATGAGTAAATTACTTG S1-INV GCAACAGAAGGGTTGGGGTGG
The AFLP-RGA data were analyzed to obtain the Jaccard coefficients (Jaccard 1908) among the genotypes using the DARwin program, version 5.0 (Perrier et al. 2003) . These dissimilarity matrices were further subjected to unweighted pair group method with arithmetic mean-based, neighborjoining tree construction. Robustness of the nodes was tested by bootstrap analysis with 1000 replicates.
Results and discussion
AFLP-RGA profile
The five primer combinations generated high quality profiles and detected a high level of polymorphism among pigeon pea genotypes used, as exemplified by primer E-CAT/S1-INV (Fig. 1) . A total of 173 scorable markers were obtained, of which 157 (90.7%) were polymorphic (Tab. 3). The number of scorable fragments produced by each primer combinations ranged from 25 to 44, with an average of 34.6 fragments per primer combination. The proportion of polymorphism was found to range from 83.3% to 93.1%, with an average of 90.7% per primer combination. Of the five primer combinations screened, two (E-CAG/wlrk-AS and M-GTG/wlrk-AS) produced the highest numbers of fragments (44 and 39, respectively), followed by E-CAG/ TNF -total number of fragments; TPF -total polymorphic fragments; %P -proportion of polymorphism; PIC -polymorphism information content; EMR -effective multiplex ratio; MI -marker index; RP -resolving power. Representative resistance gene analog-anchored amplified fragment length polymorphism marker profiles of 22 pigeon pea genotypes on 6% polyacrylamide gels (by electrophoresis) using the primer E-CAT/S1-INV. Lanes: L = 100-bp ladder; 1-14 = cultivars; 15-22 = wild accessions of pigeon pea.
wlrk-S, E-CAT/S1-INV and M-GTG/wlrk-S (36, 29 and 25 fragments, respectively). The highest proportion of polymorphism (93.1%) was observed for primer combination E-CAG/wlrk-AS, whereas the lowest (83.3%) was recorded for E-CAG/wlrk-S. The mean level of polymorphism (90.7%, 31.4 polymorphic fragments) was relatively high. These results are comparable to earlier diversity studies performed using simple sequence repeat markers (Odeny et al. 2007 ). The high degree of polymorphism observed might be traceable to the number of wild genotypes included in the experiments and higher degeneracy nature of the RGA primers used. Of the three different degenerate RGA primers used for AFLP-RGA analysis (wlrk-S, wlrk-AS and S1-INV), two were specific to the wheat receptor-like kinase known as wheat leaf rust kinase (wlrk) and one was specific to the N gene of tobacco (S1-INV), as described by Rajesh et al. (2002) and Feuillet et al. (1998) . The highest proportions of polymorphic fragments (41 out of 44 and 36 out of 39) were produced by the RGA primer wlrk-AS in combination with two selective AFLP primers (E-CAG and M-GTG, respectively), followed by the RGA wlrk-S primer in combination with the selective AFLP primer E-CAG (31 out of 36 fragments). The higher polymorphism observed for wlrk-AS and wlrk-S primers in combination with AFLP primers shows the high degeneracy of their nature. These results are in agreement with those of Zhang et al. (2007) , who used receptor-like kinase primers in combination with AFLP primers to evaluate disease resistance in cultivated cotton.
PIC, MI and RP
The PIC, MI and RP values are presented in Tab MI and RP values (0.30, 12.30 and 25.51) were observed for primer combination E-CAG/ wlrk-AS. That primer combination can be considered to be most informative and discriminative for the molecular characterization of pigeon pea genotypes. Comparable PIC and MI values have been obtained in previous AFLP-based diversity studies: 0.34 and 4.43, respectively, in durum wheat (Mahendar et al. 2010) ; 0.49 and 3.57, respectively, in arabica coffee (Dessalega et al. 2008) ; and 0.32 and 6.14, respectively, in soybeans (Powell et al. 1996) . In addition, we observed strong positive correlations among the values of those three markers, for all five primer combinations, with some variation. For instance, the correlation observed between MI and RP (r 2 =0.93, p<0.05) was stronger than that observed between PIC and RP (r 2 =0.88, p<0.05). These results are in accordance with the results of a diversity study using AFLP markers in Jatropha curcas (Tatikonda et al. 2009 ). Therefore, either RP or MI can be considered, while selecting the most informative and discriminatory AFLP-RGA primer combination.
Genetic relationship
The Jaccard coefficient-based genetic dissimilarity matrices were calculated from AFLP-RGA data. In the neighbor-joining tree, all 22 pigeon pea genotypes were grouped into two clusters, A and B (Fig. 2) . Cluster A comprised cultivated species of Cajanus cajan, whereas cluster B comprised the wild Cajanus species C. platycarpus, C. scarabaeoides, C. sericeus and C. albicans. Within cluster A, we identified two subclusters, designated AI and AII, comprising 7 and 5 genotypes, respectively. Subcluster AI was further divided into four subgroups (a, b, c and d), whereas subcluster AII was further divided into two (e and f). Cluster B comprised three subclusters, designated BI, BII and BIII. Subcluster BI contained 2 accessions of C. platycarpus and one of C. sericeus; BII contained 2 accessions of C. scarabaeoides; and BIII contained two accessions of C. albicans. However, two genotypes (MA 6 and MAL 13) and one accession of C. sericeus (ICP 15760) were not grouped in any of these clusters. The AFLP-RGA markers distinguished all pigeon pea cultivars from the wild accessions. In other studies of pigeon peas, similar results have been obtained with the use of simple sequence repeat markers (Saxena et al. 2010; Odeny et al. 2007) . The AFLP-RGA data was also subjected to bootstrap analysis with 1000 replicates. All major nodes of the neighbor-joining tree showed higher bootstrap values, which indicated the stability of grouping of genotypes into different clusters.
Grouping of genotypes in the neighbor-joining tree was further compared with their diseases resistance response. All the cultivars of pigeon pea, which are resistant to FW, SMD or both, were grouped within the AI or AII subcluster. Most of the genotypes, which are resistance to FW, were grouped within subcluster AI/subgroup a. Considering resistance to FW, three of the four cultivars, namely BDN 2, BSMR 853
Figure 2. Neighbor-joining tree generated for 22 pigeon pea genotypes using five resistance gene analog-anchored amplified fragment length polymorphism primer combinations.
and ICPL 87119, clustered together in subcluster AI, the exception being cultivar ICP 8863. Similarly, four wild accessions (ICP 15748, ICP 15637, ICP 15624 and ICP 15622) were grouped within the subcluster BII or BIII. Based on the resistance to SMD trait, eight cultivars (BSMR 853, ICPL 87119, PUSA 9, DA 11, NDA 1, Dholi Dwarf, GT67B and Bahar) were well distributed in two subclusters (AI and AII), whereas two (MA 6 and MAL 13) did not align with any cluster. Similarly, five wild accessions (ICP 15921, ICP 15761, ICP 15666, ICP 15624 and 1CP 15622) were grouped in subcluster BI or BIII. However, based on simultaneous resistance to FW and SMD, two cultivars (BSMR 853 and ICPL 87119) and two wild accessions (ICP 15622 and ICP 15624) were grouped together in subcluster AI/subgroup a and subcluster BIII, respectively. It is noteworthy that two of the pigeon pea cultivars (UPAS 120 and Type 7), both of which are known to be highly susceptible to both diseases, were placed in subclusters AI and AII, respectively. Results from the neighbor-joining tree clearly indicate that the genotypes in subclusters AII and BI were more diverse. The pigeon pea cultivars in subcluster AII could be chosen as the potential parents for the development of a mapping population for resistance to these two diseases. Two genotypes (MA 6 and MAL 13, both resistant to SMD), which were not grouped in any of the clusters, were found to be the most distinct genotypes among the pigeon pea cultivars. These could represent promising donors for breeding programs for promoting resistance to SMD.
The fact that the dissimilarity matrix (Jaccard coefficient) ranged from 0.07 to 0.72 (Tab. 4) indicates a high degree of genetic variation among pigeon pea genotypes evaluated. In the neighbor-joining tree, the lowest genetic dissimilarity coefficient (0.07) was between the genotypes BDN 2 and BSMR 853, although they have one common genotype in their pedigree, followed by the comparisons ICPL 87119 versus BDN2 and DA 11 versus PUSA 9, both with a genetic dissimilarity coefficient of 0.08 as an obvious result of sharing common traits such as resistance to SMD. In order to map resistance genes against FW and SMD, selection of divergent parents should be important criterion in developing a mapping population for resistance to these diseases. On the basis of our results, we can conclude that, Table 4 . Genetic dissimilarity matrix as obtained using AFLP-RGA data. in developing a mapping population for resistance to SMD, MA 6 could be used as a resistance donor, along with the BDN 2, UPAS 120 or Type7 genotype (the dissimilarity coefficient between those genotypes being higher: 0.56).
In developing a mapping population for resistance to FW, either ICP 8863 or BDN 2 could be used as a resistant donor, along with MA 6 (dissimilarity coefficient, 0.55). However, for both diseases, either ICPL 87119 or BSMR 853 can be used as a resistant donor, along with the Type 7 (dissimilarity coefficient > 0.23) or UPAS 120 genotype (dissimilarity coefficient, 0.20). In summary, the AFLP-RGA marker system was found to be reliable and reproducible technique for molecular characterization of pigeon pea genotypes. It was found to be an appropriate technique, especially for characterizing sources of disease resistance, because it involves RGA primers derived from many disease resistance genes. By analyzing the different marker parameters, we were able to demonstrate that MI and RP are the two best parameters for selecting an AFLP-RGA primer combination. This marker system will give more flexibility in primer combinations and should increase the number of markers available for mapping disease resistance genes in pigeon pea.
